The x-ray structure of the complex of a catalytic antibody Fab fragment with a phosphonate transition-state analog has been determined. The antibody (CNJ206) catalyzes the hydrolysis ofp-nitrophenyl esters with significant rate enhancement and substrate specificity. Comparison of this structure with that of the uncomplexed Fab fragment suggests hapten-induced conformational changes: the shape of the combining site changes from a shallow groove in the uncomplexed Fab to a deep pocket where the hapten is buried. Three hydrogen-bond donors appear to stabilize the charged phosphonate group of the hapten: two NH groups of the heavy (H) chain complementarity-determining region 3 (H3 CDR) polypeptide chain and the side-chain of histidine-H35 in the H chain (His-H35) in the Hi CDR. The combining site shows striking structural similarities to that of antibody 17E8, which also has esterase activity. Both catalytic antibody ("abzyme") structures suggest that oxyanion stabilization plays a significant role in their rate acceleration. Additional catalytic groups that improve efficiency are not necessarily induced by the eliciting hapten; these groups may occur because of the variability in the combining sites of different monoclonal antibodies that bind to the same hapten.
The exquisite stereospecificity and high turnover number of enzymes make them high-profile targets for bioorganic chemists, who aim both to understand and mimic these catalysts. Enzyme catalysis is understood to occur because enzymes selectively bind the transition state for a step of a particular reaction (1, 2). To create binding entities with a catalytic potential, synthetic host molecules have been made (3), and enzymes have been altered to change their specificity without destroying their catalytic activity (4, 5) . Another approach has been to use the remarkable capacity of the immune system, which generates antibodies possessing high binding affinity and structural specificity towards virtually any molecule, to produce catalytic antibodies ("abzymes") (6).
The majority of known catalytic antibodies have been programmed to catalyze the hydrolysis of esters as well as other acyl transfer reactions. They have been raised against phosphonate haptens, transition state analogs (TSA) that model the structure of the putative tetrahedral transition states of these reactions. The catalytic activity exhibited by these antibodies is generally far below that of enzymes. The catalytic proficiency of these antibodies can be improved with phage display libraries (7) and development of effective screening methodologies (8, 9) . For all monoclonal catalytic antibody approaches, it is important to understand the relationship be-
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tween the TSA and the structure of the catalytic antibody raised against it (10). To this end, we have determined the structure of the Fab fragment of an esterase-like catalytic antibody, CNJ206, with bound hapten; the conformation of the combining site differs from the one previously found in uncomplexed CNJ206 (11).
Antibody CNJ206 catalyzes the hydrolysis of p-nitrophenyl ester (compound 1 in Fig. 1 ) wit-h significant rate enhancement (kcat/kuncat = 1600) and substrate specificity and displays multiple cycles (12). CNJ206 has been obtained by immunization with a keyhole limpet hemocyanin conjugate of phosphonate hapten 2 in Fig. 1 and has been selected for its high affinity for the short TSA 3 in Fig. 1 (13) . We report here the structure of CNJ206 Fab fragment complexed with 3.11 We describe the amino acids present in the combining site, analyze their relationship with the inducing hapten, and discuss their possible role in catalysis; we then compare this structure to that of Fab 17E8, the only other catalytic antibody Fab with esterase activity whose structure has been solved (14).
MATERIALS AND METHODS
Affinity and Kinetic Measurements. Km and kcat for hydrolysis of 1 were determined as described (13). Affinity measurements were performed on the CNJ206 Fab by an indirect ELISA procedure (15).
Crystallization and Data Collection. The preparation of monoclonal antibody CNJ206, hapten 3, and the preparation and purification of CNJ206 Fab have been reported (11). The hanging drop procedure was used to grow crystals by vapor diffusion; they were obtained in drops consisting of 2 ,tl of the protein solution and 2 Al of a precipitating solution [8% (wt/vol) polyethylene glycol 10,000/17% (vol/vol) (Fig. 2) . In particular, in the uncomplexed CNJ206 structure, Tyr-HlOl prevents the formation of the deep pocket usually observed in the combining site of antibodies specific for small molecule haptens (29); in the CNJ206-3 complex, the plane of the phenyl ring of Tyr-H101 is approximately at a right angle to its orientation in unliganded CNJ206. This enlarges the cavity, where the hapten is found, towards the external medium. Mainly as a result of the H3 CDR movement, the shape of the combining site in unliganded CNJ206 changes from a shallow groove to a deep pocket in CNJ206-3.
Interaction of the Hapten with the Active Site. The TSA We will now describe the details of the combining site cavity and compare it with that of 17E8 (14). The cavity contains a large proportion of aromatic residues and the p-nitro group of 3 is in a very hydrophobic environment at the bottom of the combining site pocket (Fig. 3 Upper) . The phenyl ring of the TSA is surrounded by the phenyl rings of two tyrosine residues (Tyr-L96 and -H101) and by the imidazole of His-H35. The bottom of the cavity is made by the same, residues as in 17E8 (Fig. 3 Lower). As one goes towards the external medium, from the nitro group to the phenyl group of 3, the cavities in 17E8 and CNJ206 become more different. In the superposition of the two antibody-TSA complexes, the phenyl ring of 3 overlaps with the hapten phosphonate in 17E8; the latter group is surrounded by Arg-L96 (Tyr-196 in CNJ206), Lys-H97 (Ala-H97 in CNJ206), and His-H35 (the same in CNJ206).
The phosphonate part of 3 makes contacts with the H3 CDR at the entrance of the combining site pocket. The location of the phosphorus and phenolic oxygen atoms are unambiguously defined (Fig. 4) . Given the moderate resolution of the data, the rotamer of the phosphonate part of 3 is not defined by the electron density. Three hydrogen bond donors that potentially stabilize the negatively charged phosphonate are identified on the basis of distance criteria; two of them are unambiguousthe peptide NH groups of two consecutive residues of the H3 CDR (Fig. 5) partially charged oxygen atoms of the phosphonate in 3 depends on the orientation chosen for this group and should be considered as tentative. In the orientation we present, the two oxygens of the phosphonate make three hydrogen bonds with atoms of CNJ206 (Fig. 5) tion rate. CNJ206 selectively stabilizes the transition state structure, as reflected in the higher affinity for hapten 3 (Kd = 1.1 ,uM) as compared with substrate 1 (Km = 80 ,uM). The structural differences between the TSA and substrate are localized to the negatively charged tetrahedral phosphonate group. In the CNJ206'3 complex there are three potential hydrogen bonds to the negatively charged phosphonate, as seen in Fig. 5 ; these hydrogen bonds should be much stronger than those with the substrate carbonyl oxygen, which is neutral (32). This correlates with the higher affinity for 3 than 1.
Ester hydrolysis transition states present a single negative charge on the oxyanion. According to our structure, the hydrogen bonds stabilizing this oxyanion can be either with the peptide NH of two consecutive residues in the H3 CDR or with the N82 of His-H35. The former possibility differs from the arrangement found in the trypsin family of serine proteases, where the oxyanion hole is made of two peptide NH bonds; in these enzymes the NH groups involved belong to residues n and n +2 (193 and 195 with the numbering of chymotrypsin). In subtilisin, oxyanion stabilization has been found to provide an acceleration of the same order of magnitude as that observed in CNJ206 (33). Oxyanion stabilization might therefore be all that is involved in catalysis by CNJ206, but is difficult to quantitate. We discuss in the next section the additional contributions to the rate acceleration that might come from other residues of CNJ206 Fab, if oxyanion stabilization were not all that is required to account for catalysis.
Additional contribution to catalysis in CNJ206 could come from polar residues close to the phosphonate of 3. All of these residues (His-H35, Tyr-H50, Tyr-H102 and Tyr-L96) have their polar groups further than 4.1 A from the phosphorus of 3 ( Fig. 3 Upper) ; a nucleophilic attack by one of them on the carbonyl of the ester substrate would therefore necessitate a significant rearrangement of the CNJ206 combining site during catalysis. An alternative possibility is a direct hydroxide attack at the substrate carbonyl, which may be general basecatalyzed. Assuming that substrate 1 occupies the same general position as TSA 3, it is possible to position a water molecule relative to the carbonyl of 1 in a configuration close to the one predicted to be favorable for nucleophilic attack (34), so that it would make a hydrogen bond with His-H35 (Fig. 6) ; its deprotonation could then be assisted by the imidazole base of His-H35. This requires that the oxyanion hole is comprised solely of the H3 CDR peptide NH groups and assumes that the potential hydrogen bond of His-H35 with the indole NH of Trp-H47 does not permanently orient its nucleophilic nitrogen away from the combining site cavity. The structure of the CNJ206-3 complex also suggests that additional rate acceleration could be gained by mutating Tyr-L96 (Fig. 3 Upper) Proc. Natl. Acad. Sci. USA 92 (1995) Proc. Natl. Acad. Sci. USA 92 (1995) 11725 have the same conformation. Other similarities may be discovered between the 17E8 and CNJ206 active sites as follows. (i) In 17E8 the oxyanion hole primarily consists of the s-amino group of Lys-H97 (14), but comparison with the CNJ206 phosphonate stabilizing groups, involving peptide NH groups of residues H100 and H101, suggests that in 17E8, the H100 backbone NH is also involved. The distance between this group and the phosphonate oxygen located in the oxyanion hole of 17E8 is 3.2 A, within the allowed range for a hydrogen bond.
(ii) In 17E8 a Ser-His catalytic diad (Ser-H99/His-H35) was proposed (14) to be responsible for catalysis at the optimal pH for catalytic activity (pH = 9.5). His-H35, the base that has been proposed to activate the Ser-H99 nucleophile in the catalytic dyad of 17E8, is also present in CNJ206; when the Fv parts of both structures are superposed (rms deviation of Ca positions: 1i5A; 184 atoms compared), the two His-H35 residues have very similar orientations and their Ca atoms deviate only by 0.6 A. Ser-H99 of 17E8 is replaced by glycine in CNJ206; the main-chain dihedral angles of Gly-H99 are allowed for all residues. Therefore, the replacement of Gly-H99 in CNJ206 by a serine is possible without changing the conformation of the H3 loop; one of the favored rotamers of the serine residue would be positioned at a proper distance for nucleophilic attack on the substrate as was proposed to be the case in the catalytically active conformation of 17E8 (14).
Hapten Structure and the Active Site of Abzymes. Hapten design and screening methodologies are two key elements in obtaining catalytic antibodies. How do CNJ206 and 17E8 combining sites reflect the strategy followed to generate them? Phosphonates were originally chosen as haptens for hydrolytic antibodies because it was expected that they would induce combining site structures that would minimize the energetically unfavorable interactions of a tetrahedral hydrolysis transition state. The CNJ206-3 structure and that of the complex of 17E8 with its hapten are consistent with that hypothesis: in both cases the phosphonate oxyanion is stabilized by hydrogen bond donors.
The screening methods used to select CNJ206 and 17E8 are similar. Both abzymes have been selected among the induced clones for their ability to bind a phosphonate hapten (13, 35) . In both cases this criterion was satisfied in a similar way, by making hydrogen bonds to the phosphonate oxygens and by deeply burying the aromatic part of the hapten. Both structures suggest that point mutations might significantly increase catalytic activity; the corresponding clones might be present among the population of elicited antibodies, but they were not chosen from the clones secreting the tightest binding antibodies. On the basis of the available structural data, these mutants would not necessarily bind the hapten more efficiently than 17E8 or CNJ206. Therefore, to select such clones with improved activity, one would need to screen them for catalysis, as recently proposed (8, 9).
One last point deserves mention. The residues of CNJ206 and 17E8 that interact with the hapten have striking similarities (the bottom of the combining site, residue H35, and the main chain of residues H99 and H100 superpose well). However, in the superposition of the structures of the Fab-TSA complexes, the phenyl of 3 overlaps with the phosphonate hapten in 17E8; yet another difference is Lys-H97 which makes a major contribution to the oxyanion hole in 17E8 and is replaced by an alanine in CNJ206. Both antibodies bind their respective haptens in the same orientation with respect to the Fab; such a similarity arises despite the fact that these antibodies have been raised against quite different haptens, which only have 0-linked aryl and phosphonate groups in common. This suggests that the bound hapten orientation observed in CNJ206 and 17E8 will often be encountered for such molecules with 0-linked aryl and phosphonate groups. Variations of the residues of the combining site that affect either TSA binding (like Lys-H97 in 17E8) or catalysis (like Ser-H99 in 17E8) will depend on the precise hapten used for immunization and on the antibody selected in the screening procedure. Among the combining sites that bind the hapten in the orientation we observed here, those of CNJ206 and 17E8 might be considered as different steps towards efficient catalysts of aryl ester hydrolysis.
